Bacillus subtilis biofilm formation is tightly regulated by elaborate signaling pathways. In contrast to domesticated lab strains of B. subtilis which form smooth, essentially featureless colonies, undomesticated strains such as NCIB 3610 form architecturally complex biofilms. NCIB 3610 also contains an 80-kb plasmid absent from laboratory strains, and mutations in a plasmid-encoded homolog of a Rap protein, RapP, caused a hyperrugose biofilm phenotype. Here we explored the role of rapP phrP in biofilm formation. We found that RapP is a phosphatase that dephosphorylates the intermediate response regulator Spo0F. RapP appears to employ a catalytic glutamate to dephosphorylate the Spo0F aspartyl phosphate, and the implications of the RapP catalytic glutamate are discussed. In addition to regulating B. subtilis biofilm formation, we found that RapP regulates sporulation and genetic competence as a result of its ability to dephosphorylate Spo0F. Interestingly, while rap phr gene cassettes routinely form regulatory pairs; i.e., the mature phr gene product inhibits the activity of the rap gene product, the phrP gene product did not inhibit RapP activity in our assays. RapP activity was, however, inhibited by PhrH in vivo but not in vitro. Additional genetic analysis suggests that RapP is directly inhibited by peptide binding. We speculate that PhrH could be subject to posttranslational modification in vivo and directly inhibit RapP activity or, more likely, PhrH upregulates the expression of a peptide that, in turn, directly binds to RapP and inhibits its Spo0F phosphatase activity.
B
acillus subtilis biofilm communities consist of subpopulations of developmentally different cell types, including motile, matrix-secreting, and sporulating cells (for a review, see reference 1). B. subtilis biofilm cells follow a defined lineage; i.e., motile cells become matrix-producing cells, which in turn become sporulating cells (2) . The ratio of cell types in a B. subtilis biofilm population changes over time, and these changes are regulated in large part by the spatial arrangement of the cells in the architecturally complex biofilm. In fact, the biofilm population heterogeneity appears to hinge on the formation of an architecturally complex biofilm, and strains defective in extracellular matrix production contain very few motile cells and essentially no sporulating cells.
In contrast to wild (undomesticated) B. subtilis strains such as NCIB 3610 (3610), which form architecturally complex wrinkled biofilms on solid surfaces and thick pellicles at the air-liquid interfaces of static cultures, domesticated lab strains such as strain 168 form smooth, flat, essentially featureless colonies (3, 4) . The genetic basis underlying the differences in wild and domesticated B. subtilis strain biofilm formation was previously examined (3) (4) (5) (6) (7) . In one study, four point mutations were shown to impair biofilm formation in common B. subtilis lab strains; however, reverting these mutations to their wild-type identity resulted in strains that formed hyperwrinkled rather than wild-type biofilms (4) . Importantly, the formation of biofilms with a wild-type architecture required not only the reversion of the four biofilm-impairing mutations but also the expression of the rapP phrP gene cassette.
The rapP phrP cassette is carried on an 80-kb plasmid present in wild B. subtilis strains and absent from domesticated strains. While no functional activity had been assigned to RapP, its name resulted from the similarity of the RapP amino acid sequence to that of other members of the Rap protein family (4) . Rap proteins derive their name from the original members of the family, RapA and RapB, which were shown to be response regulator aspartate phosphatases (8) . RapA and RapB dephosphorylate Spo0F, which is an intermediate response regulator in the B. subtilis phosphorelay pathway central to the regulation of both sporulation and biofilm formation ( Fig. 1) (8, 9) . In addition to RapA and RapB, many other Rap proteins, including RapE, RapH, and RapJ, function similarly to dephosphorylate Spo0F (10) (11) (12) . The ultimate effect of dephosphorylating Spo0F is a decrease in the cellular concentration of phosphorylated Spo0A (Spo0AϳP). Because the expression of the B. subtilis biofilm extracellular polysaccharide (EPS) and structural matrix-associated protein TasA requires Spo0AϳP (13, 14) (Fig. 1) , inhibition of the phosphorelay also inhibits biofilm development.
More specifically, EPS is produced by the gene products of the epsA-epsO (epsA-O) operon (3, 15) and TasA is encoded in the tapA(yqxM)-sipW-tasA operon (16) . The transcription factor SinR functions as the master regulator of B. subtilis biofilm formation by repressing the expression of the epsA-O and tapA(yqxM)-sipW-tasA operons ( Fig. 1) (15, 17) . SinR is antagonized by SinI, which binds to SinR and inhibits its interaction with target DNA promoters (18) . Spo0AϳP triggers biofilm formation at least in part by driving the transcription of sinI (19) .
Despite their sequence and structural similarity to the Rap proteins that dephosphorylate Spo0F, some B. subtilis Rap proteins, such as RapC, RapF, and RapG, are transcriptional antiactivator proteins that inhibit the function of their response regulator tar-gets without dephosphorylating their receiver domains (20) (21) (22) (23) . For example, RapC and RapF bind to the DNA binding domain of the response regulator ComA (20, 23) and RapG binds to DegU (22) . We previously showed that RapF functions mechanistically to sterically block the interaction of ComA with DNA promoters and disrupt the formation of active ComA dimers (21) .
ComA drives the expression of the srf operon, which contains, among other genes, that for the nonribosomal peptide synthetase that produces the lipopeptide surfactin (24) . Surfactin is a secreted surfactant required for B. subtilis swarming motility (5), and surfactin is also a B. subtilis paracrine signal that triggers the formation of membrane pores and potassium leakage (7) . Potassium leakage activates the sporulation phosphorelay kinase KinC, resulting in Spo0A phosphorylation and biofilm matrix production (7). Thus, Rap proteins that inhibit ComA activity would be expected to inhibit both surfactin production and, in turn, biofilm formation.
As described above, rapP exists in a gene cassette with phrP, which overlaps the 3= end of rapP. phr genes typically encode proPhr polypeptides, which are secreted from the cell, where they undergo proteolytic maturation (25, 26) . Mature Phr pentapeptides (25, 27) or hexapeptides (28) are imported into the cell (29) , where each peptide inhibits its cognate Rap protein. For example, PhrA binds to RapA and inhibits its phosphatase activity (30) and PhrF binds to RapF and disrupts the binding of RapF to ComA (23) . What role, if any, PhrP plays in the regulation of B. subtilis biofilm formation was unknown.
Here we explored the function of RapP and PhrP in the regulation of biofilm formation in undomesticated B. subtilis. We discovered that RapP dephosphorylates Spo0F directly, and unlike previously characterized Rap protein Spo0F phosphatases, RapP employs a catalytic glutamate rather than glutamine to accelerate the rate of Spo0F dephosphorylation. Consistent with its role as a Spo0F phosphatase, in addition to regulating biofilm formation, RapP also regulates sporulation and the development of genetic competence. Finally, we show that the phrP gene product does not counteract RapP function, and our results suggest that a peptide not encoded within phrP directly regulates RapP-dependent dephosphorylation of Spo0F.
MATERIALS AND METHODS
Strains and growth conditions. Constructs were first introduced into domesticated strain PY79 by natural competence and then transferred to the 3610 background by SPP1-mediated generalized phage transduction as described below.
The bacterial strains and plasmids used in this study are listed in Table  1 . Escherichia coli strain DH5␣ was used for the construction and maintenance of plasmids. E. coli strain DH5␣ was grown in LB medium (10 g/liter tryptone, 5 g/liter yeast extract, 5 g/liter NaCl). As indicated, B. subtilis strains were grown in TY medium (LB with the addition of 10 mM MgSO 4 and 100 M MnSO 4 ), MSgg medium (3), Difco sporulation medium (DSM) (31) , and competence medium (CM) (32) . Solid medium contained 1.5% Bacto agar. Pellicle biofilms were grown in six-well microtiter plates in 10 ml liquid MSgg medium inoculated with 10 l of an LB starter culture grown overnight at room temperature and were incubated for 3 days at 25°C. Colony biofilms were toothpick inoculated onto MSgg medium fortified with 1.5% Bacto agar and incubated for 3 days at 25°C. The antibiotics ampicillin (100 g/ml), spectinomycin (100 g/ ml), chloramphenicol (5 g/ml), erythromycin (0.5 g/ml), lincomycin (2.5 g/ml), kanamycin (5 g/ml), and erythromycin (1 g/ml) plus lincomycin (25 g/ml) (MLS) were included as appropriate.
SPP1 phage transduction. As described below, SPP1 phage transduction was performed as described in reference 33, with some modifications. To 0.2 ml of dense culture grown in TY broth, serial dilutions of SPP1 phage stock were added and statically incubated for 15 min at 37°C. To each mixture, 3 ml of soft TY agar (molten TY supplemented with 0. 5%   FIG 1 B. subtilis sporulation, biofilm formation, and genetic competence signaling pathways. Phosphoryl groups from histidine kinases are transferred to Spo0F, Spo0B, and ultimately Spo0A. Spo0F dephosphorylation causes the direction of phosphoryl flow to reverse; i.e., phosphoryl groups are transferred from Spo0A to Spo0B and in turn to Spo0F (not shown). Some (but not all) pro-phr genes are regulated by H . Arrows indicate the positive control, while perpendiculars indicate the negative control. Solid lines represent regulation by protein-protein interaction, and dashed lines represent regulation at the level of gene transcription. REC, receiver domain; H, histidine; D, aspartic acid; P, phosphoryl group. agar) was added, poured atop fresh TY plates, and incubated at 30°C overnight. Top agar from the plate containing nearly confluent plaques was harvested by scraping into a 15-ml conical tube, vortexed, and centrifuged at 5,000 ϫ g for 10 min. The supernatant was treated with 25 g/ml (final concentration) DNase for 10 min before being passed through a 0.45-m syringe filter and stored at 4°C. Recipient cells were grown to stationary phase in 3 ml of TY broth at 37°C. A total of 1 ml of cells was mixed with 25 l of SPP1 donor phage stock. A total of 9 ml of TY broth was added to the mixture and allowed to stand at 37°C for 30 min. The transduction mixture was then centrifuged at 5,000 ϫ g for 5 min, the supernatant was discarded, and the pellet was resuspended in the remaining volume. A total of 100 l of cell suspension was then plated on LB fortified with 1.5% agar, the appropriate antibiotic, and 10 mM sodium citrate.
In-frame deletions. To generate the ⌬rapP phrP in-frame markerless deletion construct, the region upstream of rapP was amplified with the primer pair 2575/2576 and digested with EcoRI and BamHI. The region downstream of phrP was PCR amplified, respectively, with the primer pair 2581/2582 and digested with XhoI and BamHI. The two fragments were then simultaneously ligated, respectively, into the EcoRI/BamHI sites of pMiniMAD2 (34) , which carries a temperature-sensitive origin of replication and an erythromycin resistance cassette to generate pMP91. Plasmid pMP91 was introduced into PY79 by transformation and maintained as a plasmid at the permissive temperature for plasmid replication (22°C) with MLS resistance as a selection. The plasmid was then transduced into 3610 at the permissive temperature. To force the integration of the plasmid into the 3610 endogenous plasmid, the strain was incubated in 3 ml LB broth with MLS selection at a temperature permissive for plasmid replication (22°C) for 14 h, diluted in fresh LB broth, and incubated for 12 h at a temperature restrictive for plasmid replication (42°C) while maintaining MLS selection. To evict the integrated plasmid, the strain was incubated in 3 ml LB broth at a temperature permissive for plasmid replication (22°C) for 14 h, diluted 30-fold in fresh LB broth, and incubated at 22°C for another 8 h. Dilution and outgrowth were repeated two more times. Cells were then serially diluted and plated on LB agar at 37°C. Individual colonies were patched onto LB plates and LB plates containing MLS to identify MLS-sensitive colonies that had evicted the plasmid. Chromosomal DNA from colonies that had excised the plasmid was purified and screened by PCR with primers 2575/2582 to determine which isolate had retained the ⌬rapP phrP allele. The rapP phrP deletion was confirmed by Western blotting with anti-RapP rabbit antiserum (see Fig.  S1 in the supplemental material).
To generate the ⌬phrP in-frame markerless deletion construct, the region upstream of phrP was amplified with the primer pair 2579/2580 and digested with EcoRI and BamHI. The region downstream of phrP was PCR amplified, respectively, with the primer pair 2581/2582 and digested with XhoI and BamHI. The two fragments were then simultaneously ligated, respectively, into the EcoRI/BamHI sites of pMiniMAD2 to generate pMP69. Plasmid pMP69 was introduced into PY79 by transformation and maintained as a plasmid at a temperature permissive for plasmid replication (22°C) with MLS resistance as a selection. The plasmid was then transduced into 3610 at the permissive temperature. The plasmid was subsequently integrated and evicted as described above. Chromosomal DNA from colonies that had excised the plasmid was purified and screened by PCR with primers 2579/2582 to determine which isolate had retained the ⌬phrP allele.
Overexpression constructs. The rapP gene was amplified with 3610 genomic DNA as the template and the primer pair 2367/2368 and then digested with NheI and SphI. The fragment was ligated into the NheI/SphI sites of pDR111 containing a spectinomycin cassette to create pMP52.
The phrP gene was amplified with 3610 genomic DNA as the template and the primer pair 2732/2733 and then digested with NheI and SphI. The fragment was ligated into the NheI/SphI sites of pDR111 containing a spectinomycin cassette to create pMP87.
The rapP phrP cassette was amplified with 3610 genomic DNA as the template and the primer pair 2367/2733 and then digested with NheI and SphI. The fragment was ligated into the NheI/SphI sites of pDR111 containing a spectinomycin cassette to create pMP88.
Site-directed mutagenesis of pMP52 to change the codon encoding Glu49 to a codon encoding alanine was conducted with primer pair 2658/ 2659 and the QuikChange II kit (Stratagene) to create pMP80. A rapP (E49A, L60A) mutation in pMP81 was obtained with a common reverse primer (REV AMP) in combination with the mutagenic primer and the ChangeIT mutagenesis kit (USB) (see Table S1 in the supplemental material). DNA sequencing confirmed that the rapP plasmids were free of mutations other than those introduced by site-directed mutagenesis. pMP80-derived plasmids were then transformed into IS75 or PY79, which, by double-crossover recombination at the amyE locus, yields strains expressing the entire wild-type or mutant rapP locus under the control of the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible hyperspank promoter (P hs ), followed by transduction into ⌬rapP phrP mutant DS8796 by SPP1 phage transduction. Determination of transformation frequency. To determine transformation frequency, cultures were grown to competence for 4.5 h in CM at 37°C, transformed with pDG364 containing a chloramphenicol marker (35) , and grown for an additional 1.5 h at 37°C. The cultures were then plated on LB plates containing chloramphenicol to determine the number of transformants and on LB plates to determine total viability. Transformation frequency was calculated by dividing the number of transformants by the number of viable colonies per ml.
Construction of luciferase promoter fusion strains. We PCR amplified 1,000-bp epsA and 732-bp rapP promoter fragments without the native ribosome binding site from the B. subtilis chromosome with primers P epsA _1kb_F and P epsA _Luc_Inf_R for P eps and P rapP _1kb_F and P rapP _1kb_R for P rapP (see Table S1 in the supplemental material). The gel-purified PCR product was then cloned into the PstI and KpnI sites of pUC18Cm-Luc by Infusion cloning (Clontech). The resulting plasmid, pCU18Cm-promoter::luc, which cannot replicate autonomously in B. subtilis, was used to transform B. subtilis IS75, where it was integrated by a single crossover. This event reconstructs the "normal" regulatory region in front of the fusion and a complete copy of the gene of interest downstream of the fusion. P eps ::luc, P srfA ::luc, and P spoIIG ::luc fusions in B. subtilis IS75 were then transduced into B. subtilis 3610 or ⌬rapP phrP mutant DS8796 by SPP1 phage transduction. The chromosomal DNA was isolated from chloramphenicol-resistant colonies; screened by PCR amplification with primers luc2 and P epsA _1kb_F or P rapP _1kb_F for P eps or P rapP , respectively; and then sequenced with primer Seq_from_luc.
Luciferase assay. For the detection of luciferase activity, strains were first grown in LB medium to an optical density at 600 nm (OD 600 ) of 2. The cells were then centrifuged and resuspended in fresh DSM or MSgg medium, adjusting all of the cultures to an OD 600 of 2. These precultures were then diluted 20-fold in fresh DSM, CM, or MSgg medium, and 200 l was distributed into each of two wells in a 96-well black plate (Corning). Then, 10 l of luciferin was added to each well to reach a final concentration of 1.5 mg/ml (4.7 mM). The cultures were incubated at 37°C with agitation in a Perkin-Elmer Envision 2104 multilabel reader equipped with an enhanced-sensitivity photomultiplier for luminometry. The temperature of the clear plastic lid was maintained at 38°C to avoid condensation. The relative luminescence units and OD 600 were measured at 5-min intervals. Each curve is representative of at least three independent experiments performed in duplicate.
Antibody production and immunoblotting. Anti-RapP antiserum was recovered from rabbits injected with purified RapP protein (Lampire Biological Laboratories). B. subtilis whole-cell lysates were subjected to SDS-PAGE and blotted onto polyvinylidene difluoride membrane. Immunostaining was performed with anti-RapP rabbit antiserum, followed by horseradish peroxidase-conjugated anti-rabbit IgG antibody. Protein was detected by ECL chemiluminescence (Pharmacia).
Protein expression constructs, protein purification, and phosphatase assay. rapP was amplified from B. subtilis 3610 DNA with Phusion High-Fidelity DNA polymerase and the primer pair Sumo_Rap-P_Inf_Fwd and Sumo_RapP_Inf_Rev (see Table S1 in the supplemental material). The PCR product was cloned into the SapI and XhoI sites of pTB146 (36) by the In-Fusion method (Clontech) to give pTBP. A rapP (E49A) mutation in pTBP was obtained with a common reverse primer (REV AMP) in combination with the mutagenic primer and the ChangeIT mutagenesis kit (USB) ( Table 1) . His-Sumo-RapP was overexpressed in E. coli strain BL21(DE3) by first growing the cells at 37°C in LB medium containing 100 M ampicillin to an OD 600 of 0.6 and then inducing expression with 0.1 mM IPTG for 16 h at 16°C. All subsequent purification steps were carried out at 4°C. The cells were collected by centrifugation and lysed in buffer A (20 mM Tris-HCl [pH 8.0], 250 mM NaCl, 50 mM KCl, 10 mM MgCl 2 , 10 mM ␤-mercaptoethanol, 10% glycerol) supplemented with 1 M pepstatin, 1 M leupeptin, 20 g/ml DNase, and 1 mM phenylmethanesulfonyl fluoride. The lysate supernatant was applied to Ni-nitrilotriacetic acid (NTA) agarose (Qiagen) equilibrated in buffer A. The resin was then washed and resuspended in buffer A, Sumo protease was added at 4.2 g/ml Ni-NTA resin, and the mixture was incubated at 25°C for 2 h. RapP contained no heterologous residues following the removal of the N-terminal His-Sumo fusion.
KinA and Spo0F purification, Spo0F labeling, and in vitro phosphatase assays were performed as described previously (12), where 6.5 M RapP or mutant forms thereof were used instead of RapH.
Peptide synthesis. Synthetic oligopeptides PhrA (NH2-ARNQT-COOH), PhrC (NH2-ERGMT-COOH), PhrE (NH2-SRNVT-COOH), PhrF (NH2-QRGMI-COOH), PhrH (NH2-TDRNTT-COOH), PhrI (NH2-DRVGA-COOH), PhrP-5mer (NH2-DRAAT-COOH), and PhrP6mer (NH2-ADRAAT-COOH) at 95% purity were purchased from LifeTein (South Plainfield, NJ). The lyophilized oligopeptides were reconstituted as 10 mM stocks in H 2 O for use in in vitro phosphatase assays, or the oligopeptides were reconstituted as 10 mM stocks in MSgg medium, DSM, or CM for use in in vivo P spoIIG -luciferase reporter assays. Aliquots of the synthetic oligopeptides were stored at Ϫ20°C.
RESULTS
Biofilm phenotypes of rapP and phrP mutants. B. subtilis strain 3610 forms architecturally complex biofilms on agar medium and thick pellicles at the air-liquid interface of static cultures ( Fig. 2A ) (3) . Transposon screening for hyperrugose colony architecture was conducted, and in one isolate a transposon was found to be inserted in the plasmid-carried rapP gene ( Fig. 2A) (4) . To validate the transposon-derived phenotype, two in-frame markerless deletion mutations were generated in strain 3610, one that deleted the rapP gene, and one that simultaneously deleted rapP and the downstream phrP gene. The ⌬rapP and ⌬rapP phrP mutants showed the same hyperrugose phenotype as the rapP transposon insertion mutant (Fig. 2A) . In contrast, an in-frame markerless deletion of just the phrP open reading frame resulted in biofilm formation similar to that of wild-type 3610 ( Fig. 2A) . We conclude that the expression of RapP is necessary to inhibit biofilm formation.
To further explore the role of RapP and PhrP in B. subtilis biofilm formation, we overexpressed rapP, phrP, or rapP phrP under IPTG-inducible control in strains with the endogenous rapP phrP locus deleted. As expected, in the absence of IPTG, all of the rapP phrP deletion strains formed hyperwrinkled biofilms (Fig. 2B) . Furthermore, overexpression of phrP alone in the rapP ⌬phrP background resulted in biofilm formation identical to that of the noninduced control. However, overexpression of rapP or rapP phrP resulted in the inhibition of biofilms, as indicated by the growth of completely smooth, featureless colonies and thin pellicles (Fig. 2) . We conclude that the expression of RapP is sufficient to inhibit biofilm formation.
RapP regulates eps expression at the level of Spo0A. One way in which RapP might repress B. subtilis biofilm formation is by inhibiting the expression of genes required for matrix biosynthesis. To monitor matrix gene expression, we placed firefly luciferase under the control of the P eps promoter that drives the expression of the eps operon. Consistent with the idea that RapP inhibits eps expression, deletion of the rapP phrP cassette caused an increase in P eps expression in comparison to that of the wild-type control strain (Fig. 3A) . Furthermore, overexpression of rapP phrP under the control of IPTG-inducible P hs in the rapP phrP deletion strain inhibited P eps expression (Fig. 3A) . Thus, RapP inhibits the expression of the eps operon.
Spo0AϳP derepresses eps operon expression. More specifically, Spo0AϳP drives the expression of SinI, which antagonizes the master repressor of the eps operon, SinR (15, (17) (18) (19) 37) . Furthermore, Spo0AϳP directly inhibits the expression of abrB, whose gene product represses eps operon transcription (38, 39) . One way in which RapP might repress the expression of eps is by inhibiting the phosphorylation of Spo0A. If RapP were to act at the level of Spo0AϳP, one would expect that RapP would repress a gene directly activated by Spo0AϳP. To determine the effect of RapP on Spo0A-dependent genes, we placed firefly luciferase under the control of the P spoIIG promoter, which drives the expression of spoIIG, a late-stage sporulation gene whose expression is directly regulated by Spo0AϳP (40) . Consistent with the idea that RapP regulates phosphorelay signal transduction, overexpression of rapP or rapP phrP in the rapP phrP deletion strain completely repressed P spoIIG activity (Fig. 3B ). In addition, P spoIIG expression was induced slightly earlier in the rapP phrP deletion strain than in the wild-type control, which is expected if RapP dephosphorylates Spo0F and in turn lowers the cellular level of Spo0AϳP. We conclude that RapP regulates multiple genes under Spo0A control and likely exerts its regulatory effects at or upstream of Spo0A activation.
RapP is a Spo0F phosphatase. Many (but not all) Rap proteins dephosphorylate Spo0F. To determine if RapP dephosphorylates Spo0F, we phosphorylated Spo0F in vitro with purified KinA and then measured the ability of RapP to dephosphorylate Spo0FϳP (Fig. 4A) . Indeed, RapP greatly accelerated Spo0FϳP dephosphorylation compared to the control reaction mixture containing no RapP. In fact, after 5 min, 90% of the Spo0FϳP remained in the control reaction mixture containing no RapP and only 21% of the Spo0FϳP remained in the reaction mixture containing RapP. Therefore, we conclude that RapP is a Spo0F phosphatase.
Mechanism of RapP phosphatase activity. A catalytic glutamine is conserved in every Rap protein previously demonstrated to dephosphorylate Spo0F (Fig. 4B) , and we previously showed that this residue is inserted into the Spo0F active site to catalyze the hydrolysis reaction (12) . RapP, however, contains a glutamate rather than a glutamine at corresponding residue 49 (Fig. 4B) . To determine whether RapP Glu49 is functionally important, we purified RapP-E49A and measured its ability to dephosphorylate Spo0FϳP. While Spo0FϳP was rapidly dephosphorylated in the presence of wild-type RapP, the reaction mixture containing RapP-E49A appeared identical to the control reaction mixture containing no RapP (Fig. 4A) . Therefore, Glu49 is required for RapP phosphatase activity, and we infer that that Glu49 is inserted into the Spo0F active site. Consistent with a catalytic glutamate, we note that in previous studies of RapH, the replacement of Gln47 with glutamate retained wild-type phosphatase activity (12) . Furthermore, in these previous studies, we also showed that the RapH-Q47N mutant is catalytically dead; i.e., it cannot dephosphorylate Spo0F (12) . However, we also found that RapH-Q47N could bind to Spo0F and disrupt phosphotransfer both from KinA to Spo0F and from Spo0F to Spo0B in vitro and in vivo. Thus, the Colonies were grown on MSgg agar medium for 3 days at 25°C. Pellicles were grown in six-well microtiter plates for 3 days at 25°C. The strains are the wild type (WT; 3610) and rapP::Tn10 (DS1381), ⌬rapP (DS7906), ⌬rapP phrP (DS8796), ⌬phrP (DS7974), ⌬rapP phrP P hs -rapP (DS8820), ⌬rapP phrP P hsphrP (DS8823), ⌬rapP phrP P hs -rapP phrP (DS8824), and ⌬rapP phrP P hsrapP(E49A) (DS8819) mutants. (B) Overexpression of rapP and rapP phrP was controlled by P hs with 1 mM IPTG.
RapH-Q47N mutant is catalytically dead but still sterically interferes with the phosphorelay. Consistent with the fact that RapP Glu49 is the catalytic residue, overexpression of RapP-E49A in the rapP phrP deletion strain resulted in biofilm formation essentially identical to that displayed by wild-type 3610, which expresses RapP at modest levels under the control of its endogenous promoter ( Fig. 2A and B; see Fig. S1 in the supplemental material). The biofilm phenotype of the strain overexpressing RapP-E49A is expected if the mutant is catalytically dead but still capable of binding to Spo0F and sterically disrupting the phosphorelay (12) .
In previous studies, we also showed that an additional mutation at the RapH-Spo0F interface, e.g., RapH-F58A, caused the RapH-Q47N mutant to lose its ability to sterically inhibit phosphotransfer. Sequence analysis (Fig. 4B) and comparative modeling (data not shown) suggested that RapP L60 is structurally equivalent to RapH F58, but we were unable to detect a drastic difference in biofilm architecture when we compared strains overexpressing RapP-E49A (Fig. 2B) or RapP-E49A,L60A (data not shown). We did, however, detect significant differences in RapP-E49A and RapP-E49A,L60A activity in comparison to overexpressed wild-type RapP with the luciferase reporter assays (Fig. 3A  and B) , which can provide a more sensitive readout of Rap activity than gross biofilm architecture. More specifically, the RapP-E49A,L60A double mutant displayed a greater loss of function than the RapP-E49A single mutant in the P eps (Fig. 3A) and P spoIIG (Fig. 3B ) luciferase reporter assays. Thus, we conclude that the overexpression of RapP-E49A results in biofilm formation similar to that observed with wild-type 3610 expressing RapP from its endogenous promoter because, in all likelihood and similar to RapH-Q47N, the catalytically dead RapP mutant can sterically block phosphotransfer from KinA to Spo0F and from Spo0F to Spo0B.
RapP regulates the expression of srfA. As discussed above, surfactin plays an important role in B. subtilis biofilm formation, and we investigated the possibility that RapP regulates the expression of the srfA operon. Deletion of rapP phrP resulted in increased P srfA expression in vivo; i.e., P srfA was expressed at an earlier time point and the maximum level of P srfA activity was higher at all time points (Fig. 5A) . Consistent with these results, overexpression of RapP inhibited P srfA activity throughout the time course of the experiment (Fig. 5A) .
Embedded within the srfA operon is comS, which encodes a small protein whose expression results in the accumulation of the master regulator of competence gene expression, ComK (41) . If RapP inhibits the expression of P srfA , then it was logical to expect RapP to also inhibit genetic competence. Indeed, while the deletion of rapP phrP had little or no effect on transformation frequency by natural competence in strain 3610, overexpression of RapP significantly reduced the transformation frequency in both undomesticated strain 3610 and laboratory strain PY79 ( Fig. 5B ; see Fig. S2 in the supplemental material). It is worth noting that in comparison to the lab strain, the undomesticated strain is poorly naturally competent (42) . We conclude that RapP inhibits srfA operon expression, which would, in turn, affect biofilm formation and the development of genetic competence.
What is the mechanism of RapP-mediated srfA regulation? One Rap protein, RapH, both dephosphorylates Spo0F and binds to the ComA DNA binding domain, directly inhibiting its interaction with DNA and allosterically inhibiting ComA dimerization (11, 21) . Therefore, we explored the possibility that RapP might function to both dephosphorylate Spo0F and bind ComA, inhibiting ComA-driven srfA expression. Preliminary studies comparing the amino acid sequence of RapP with that of the ComAbinding protein RapF suggested that RapP would not form a stable complex with the ComA DNA binding domain (ComA C ). More specifically, we previously determined the X-ray crystal structure of RapF in complex with ComA C and identified six RapF residues critical to the RapF-ComA C interaction (21, 23) ; RapP conserves only one of these six residues. Consistent with the prediction that RapP would not form a stable complex with ComA C , RapP does not interact with ComA C , as determined by native PAGE analysis, RapP does not dephosphorylate ComAϳP in vitro, and RapP does not interact with full-length ComA, the ComA DNA binding domain, or the ComA REC domain, as determined by bacterial twohybrid analysis (data not shown). On the basis of the above results, we conclude that RapP is not a ComA antiactivator protein.
It is possible that RapP-mediated dephosphorylation of Spo0F and the resulting decrease in Spo0AϳP are sufficient to decrease P srfA expression and competence development. More specifically, Spo0AϳP inhibits the expression of AbrB, which represses the expression of H (39, 43) (Fig. 1) . H drives the expression of numerous genes encoding Phr peptides, including, among others, PhrC, PhrF, and PhrK (44, 45) . PhrC, PhrF, and PhrK inhibit the ComA antiactivators RapC, RapF, and RapK, respectively (27, 29) , resulting in srfA operon upregulation (29) . Thus, RapP inhibition of the phosphorelay could be responsible for the RapP-dependent downregulation of P srfA expression, but the possibility remains that RapP could regulate a target other than Spo0F or ComA, resulting in P srfA downregulation.
The phrP gene product does not affect RapP regulation of P eps , P spoIIG , or P srfA expression. Genes that encode Rap proteins often have small open reading frames immediately downstream that encode Rap antagonist peptides called Phr peptides. Downstream of rapP is the open reading frame phrP (4). As described above, an in-frame markerless deletion of the phrP open reading frame resulted in biofilm formation similar to that of wild-type 3610 ( Fig. 2A) . Furthermore, the ⌬rapP and ⌬rapP phrP mutant strains, as well as the ⌬rapP phrP mutant strain overexpressing phrP, displayed identical hyperrugose phenotypes ( Fig. 2A and B) . These findings led us to question whether phrP has an effect on the RapP regulation of P eps , P spoIIG , and P srfA expression. On the basis of the extensive in vivo results (Fig. 3A and B and 5A) , we conclude that phrP has no effect on the expression of P eps , P spoIIG , or P srfA , respectively.
The above results showed that the phrP gene product does not significantly affect RapP function under any of our in vivo assay conditions (Fig. 2, 3A and B, and 5A). In line with these in vivo studies, the synthetic penta-and hexapeptides DRAAT and ADRAAT derived from the C-terminal sequence of the theoretical pro-PhrP polypeptide did not inhibit the RapP dephosphorylation of Spo0F in vitro (see Fig. S3 in the supplemental material) .
Inhibition of RapP activity. While the above results demonstrate that RapP is not inhibited by a phrP gene product, we speculated that RapP is perhaps inhibited by a Phr peptide encoded by a gene other than phrP. There is precedent for cross regulation, as RapB is regulated by PhrC, which is encoded in an operon with RapC (27) . To determine if RapP is inhibited by a peptide encoded by a gene other than phrP, we evaluated the abilities of a number of known Phr peptides to inhibit RapP-mediated inhibition of P spoIIG expression (Fig. 6A) . Strikingly, when RapP was overexpressed, added synthetic PhrH pentapeptide (DRNTT) or hexapeptide (TDRNTT) upregulated the expression of P spoIIG -luc. We previ- ously described why we believe the hexapeptide may be the biologically important mature PhrH peptide (28) . In contrast, other Phr peptides, including PhrA, PhrC, PhrE, PhrF, and PhrI, as well as the pro-PhrP-derived peptides DRAAT and ADRAAT, had essentially no effect on P spoIIG -luc expression. Furthermore, added synthetic PhrH upregulated the expression of P srfA -luc (Fig. 6B) . However, neither pentapeptide (DRNTT) nor hexapeptide (TDRNTT) PhrH inhibited the RapP-mediated dephosphorylation of Spo0F in vitro (data not shown). Finally, we note that PhrH inhibition of RapP was observed in DSM (P spoIIG ) (Fig. 6A ) and CM (P srfA ) (Fig. 6B) but not in MSgg medium (P eps ) (data not shown).
Interestingly, we found that mutant RapP containing an alanine substituted for aspartate in position 203 (RapP-D203A) inhibited P spoIIG -luc and P srfA -luc expression in vivo but that RapP-D203A inhibition of P spoIIG -luc and P srfA -luc expression was not counteracted by PhrH (Fig. 6C and D) . Substitution mutations at positions corresponding to RapP Asp203 were previously shown to render Rap proteins resistant to the inhibitory effects of their cognate Phr peptides (8, 20, 27, 46) . Moreover, we recently showed that B. subtilis Rap proteins have aspartate or, less commonly, glutamate at the position corresponding to RapP Asp203, and these conserved acidic residues form salt bridges with conserved basic residues in their cognate Phr peptides (47) . On the basis of the above results and as discussed below, we propose that RapP Asp203 makes critical contacts with a regulatory peptide.
DISCUSSION
How Rap proteins and their regulatory Phr peptides control B. subtilis biofilm formation was unknown. The studies presented here focused on the rapP phrP operon, which was previously shown to be required for the formation of B. subtilis biofilms with wild-type architecture (4) . While the signals that regulate the expression of RapP are unknown, our results show that RapP modulates the flow of phosphoryl groups along the phosphorelay, regulating biofilm formation, sporulation, and genetic competence.
We previously determined the X-ray crystal structure of the Spo0F phosphatase RapH complexed with Spo0F and found that Rap protein residues that lie in the RapH-Spo0F interface are highly conserved among the Rap proteins known to dephosphor- ylate Spo0F (12) . One of these conserved RapH residues, Gln47, is inserted into the Spo0F active site to facilitate nucleophilic attack on the aspartyl phosphate phosphorus atom (12) . Our in vivo results suggested that RapP might be a Spo0F phosphatase; however, we did not find significant similarity of the RapP amino acid sequence to the sequences conserved in Rap proteins known to dephosphorylate Spo0F. More specifically, RapP contains glutamate at position 49, which corresponds to RapH catalytic residue Gln47 (Fig. 4B) , and very few of the other Rap-Spo0F interface residues are conserved in RapP (see Table S2 in the supplemental material). This led us to question whether RapP was indeed capable of dephosphorylating Spo0F. Nonetheless, our previous mutagenesis studies substituting the Rap protein catalytic glutamine for glutamate showed that glutamate could support Spo0F dephosphorylation (12) . This led us to hypothesize that RapP could dephosphorylate Spo0F, which indeed turned out to be true, as RapP dephosphorylated Spo0F in vitro. Moreover, our computational modeling of the RapP-Spo0F structure (not shown) suggested that significantly divergent amino acids in RapP might undergo relatively subtle compensatory rearrangements to bind Spo0F. It also suggested how the Rap-Spo0F interface could adjust to accommodate structurally dissimilar residues in positions that are relatively well conserved. However, since alanine substitution of the predicted RapP catalytic residue, Glu49, resulted in complete loss of RapP phosphatase activity in vitro, we propose that the structure of the RapP-Spo0F active site is essentially identical to that of RapH-Spo0F. Previous biochemical and genetic studies of the Spo0A phosphatase Spo0E also suggest that an aspartate residue in Spo0E likely plays a similar role coordinating water for nucleophilic attack (48) . In contrast, mutation of the catalytic residue Gln404 to glutamate in the histidine kinase NarX was not sufficient to support its phosphatase activity (49) . We conclude that an acidic side chain O Ϫ group in response regulator aspartate phosphatases can, at least in some cases, coordinate the attacking water molecule, considering that (i) RapH-Q47E is catalytically active (12), (ii) Spo0E likely employs a catalytic aspartate (48) , and (iii) RapP naturally contains glutamate in a position we previously identified as the catalytic position (12) As described below, Spo0F dephosphorylation is likely responsible for the RapP-mediated effects on the expression of (i) eps, which is important for biofilm formation; (ii) srfA, an operon that contains genes important for biofilm formation and genetic competence development; and (iii) spoIIG, a late-stage sporulation gene. The level of RapP in the cell might be an important factor in determining the degree to which RapP affects Spo0F dephosphorylation and, in turn, biofilm formation, genetic competence development, and sporulation. Consistent with this idea, we found that the promoter driving the expression of the rapP phrP operon is differentially regulated in MSgg medium, DSM, and CM (see Fig. S5 in the supplemental material) .
RapP-mediated dephosphorylation of Spo0F would drain phosphoryl groups from Spo0A, resulting in the decreased expression of eps, srfA, and spoIIG. Linkages between Spo0A phosphorylation and the expression of eps, srfA, and spoIIG are well established. More specifically, Spo0AϳP upregulates the expression of the antirepressor SinI (18) . SinI antagonizes the repressor SinR; therefore, RapP-dependent dephosphorylation of Spo0F would decrease Spo0AϳP levels, resulting in the repression of the epsAepsO (epsA-O) and tapA(yqxM)-sipW-tasA biofilm operons (50, 51) (Fig. 1) . Similarly, a decrease in the cellular concentration of phosphorylated Spo0A results in the increased expression of abrB (52) , and the transcriptional repressor AbrB, in turn, downregulates the expression of the srfA (43, 53) , epsA-O, and tapA(yqxM)-sipW-tasA operons (14) (Fig. 1) . Finally, RapP-dependent dephosphorylation of Spo0F and the subsequent decrease in Spo0AϳP would result in the decreased expression of spoIIG because its expression is directly driven by Spo0AϳP (40) (Fig. 1) .
It is also worthwhile to note that the pattern of P srfA expression is markedly different in undomesticated strain 3610 (Fig. 5A ) and laboratory strain IS75 (21) (see Fig. S4 in the supplemental material). In the undomesticated strain, the maximum srfA transcription level is reached at 2 h and srfA is expressed only transiently; i.e., the srfA expression level increases over a 2-h period and then rapidly returns to the baseline over the next 2 h (Fig. 5A ). In the laboratory strain, while the maximum transcription level is reached at 2 h, the level is higher than it is in 3610, and the level remains close to the maximum for ϳ8 h before declining rapidly (21) (see Fig. S4 in the supplemental material) . The pattern of srfA expression in the rapP phrP 3610 deletion strain (Fig. 5A) suggests that RapP is important for the transient expression of srfA in the undomesticated strain.
Finally, while the deletion or overexpression of rapP had profound effects on biofilm architecture, the presence or absence of phrP had no effect (Fig. 2) . Synthetic penta-or hexapeptides derived from the theoretical pro-PhrP C terminus similarly had no effect on the RapP-dependent dephosphorylation of Spo0F in vitro (see Fig. S3 in the supplemental material), and phrP had no effect on the RapP regulation of eps, spoIIG, and srfA expression ( Fig. 3 and 5A) . Interestingly, however, PhrH counteracted the RapP-dependent inhibition of P spoIIG and P srfA expression in DSM and CM, respectively ( Fig. 6A and B) but PhrH did not counteract the RapP-dependent inhibition of P eps in MSgg medium (data not shown). Synthetic PhrH peptide did not inhibit the RapP-mediated dephosphorylation of Spo0F in vitro, but a RapP mutation that disrupts Phr peptide binding in other Rap proteins rendered RapP resistant to the effects of PhrH in vivo (Fig. 6C and D) . Thus, we hypothesize that RapP may be inhibited directly by a regulatory peptide. The identity of this peptide is unknown, but we speculate that PhrH could be subject to posttranslational modification in vivo and directly inhibit RapP activity or, more likely, PhrH could upregulate the expression of a peptide that, in turn, directly binds to RapP, inhibiting its Spo0F phosphatase activity. While ongoing studies will reveal how PhrH functions mechanistically to counteract the RapP-dependent inhibition of target gene expression in DSM and CM but not in MSgg medium, we speculate that MSgg medium might not support PhrH modification or the PhrH-induced expression of the RapP inhibitory peptide.
Concluding remarks. In addition to RapP, two other plasmidencoded Rap proteins, Bacillus anthracis BXA0205 and B. subtilis Rap60, were previously shown to regulate the phosphorelay (54, 55) . Whether these Rap proteins regulate biofilm formation was not directly examined; however, biochemical and genetic results showed that the Rap protein BXA0205 dephosphorylates Spo0F (54) , and on the basis of genetic results, it was proposed that Rap60 dephosphorylates a component of the sporulation phosphorelay (55) . It is therefore likely that RapP, BXA0205, and Rap60 function similarly, but their effects on biofilm formation may not be identical because of possible differences in the timing of Rap or cognate Phr peptide expression, the catalytic efficiency of the Rap proteins, or the inhibitory constants of the Phr peptides.
Finally, B. subtilis is commonly used commercially to produce secreted enzymes such as the protease AprE, and Rap-Phr systems have been the targets of studies designed to improve AprE expression, which is under AbrB control (56) . In light of the fact that RapP functions to inhibit the phosphorelay, we note that the presence of rapP or the 80-kb rapP-containing plasmid could be counterproductive to the overexpression of AprE or other proteins whose expression is similarly regulated by the phosphorelay. Conversely, protocols designed to overproduce proteins whose expression is inhibited by Spo0AϳP may, in fact, benefit from the presence of rapP.
